One sentence summary: Root-associated bacterial communities respond to the soybean cyst nematode challenge and subsequently colonize cysts in disease-suppressive soil. † These authors contributed equally to this work.
INTRODUCTION
Plants harbor diverse microbial communities in the rhizosphere soil and root endosphere (interior of the root) (Bulgarelli et al. 2013) . The assemblage and activity of rhizosphere microbial communities are driven by plant mucilage and root exudates in the nearby soil (Kent and Triplett 2002) . The investigations about the mechanisms of disease-suppressive soils have indicated that plants recruit beneficial microbiota to combat against fungal pathogens by specific constituents of root exudates released into the rhizosphere soil (Mendes et al. 2011; Philippot et al. 2013; Chapelle et al. 2016) . Notably, soil microbes are also able to grow in the interior of the root as endophytes and engage in several functional services for the plants, ranging from growth promotion to pathogen suppression (Rosenblueth and Martínez-Romero 2006; Hardoim, van Overbeek and van Elsas 2008) . Previously, a large pool of endophytic bacterial diversity has been described for healthy plants, including Arabidopsis thaliana, and some novel phylogenetic lineages of root endophytes have been discovered (Bulgarelli et al. 2012; de Santi Ferrara et al. 2012; Sessitsch et al. 2012; Schlaeppi et al. 2014; Bulgarelli et al. 2015; Edwards et al. 2015) .
Disease-suppressive soils naturally establish in a field as a result of severe disease outbreaks during the successive cropping of susceptible cultivars and primarily confer the properties of enriched antagonistic microbiota (Mendes et al. 2011; Cha et al. 2016) . Initially, infections by plant parasitic nematodes may influence the quality and quantity of root exudates, which may affect the microbial community composition and subsequently affect nematode parasitism and antagonistic microbial populations (Kerry 2000) . The characterization of microbiota associated with nematode infection can indicate the potential role of microbes in disease suppression (Westphal and Becker 2001; Yin et al. 2003a; Olatinwo et al. 2006; Borneman and Becker 2007; Adam et al. 2014) . Investigations of soybean cyst nematode-suppressive soils in northeastern China have revealed that dominant beneficial microbial taxa gradually increase in abundance from short-term to long-term monoculture soils (Hamid et al. 2017) . To date, the utilization of highthroughput sequencing approaches has provided deep insights into the microbial community composition of rhizosphere soils and their contribution in the suppression of soil-borne pathogens (Mendes et al. 2011; Cha et al. 2016; Chapelle et al. 2016) . However, microbe-infested cysts in Heterodera schachtiisuppressive soil were also able to transfer suppressiveness to H. schachtii-infested conducive soil (Westphal and Becker 2001) . These studies have provided a new understanding of the two important microhabitats (rhizosphere and cyst) where microbes may serve as an important indicator for nematode suppressiveness. However, key questions related to the structure and assembly of the microbial communities inhabiting the rhizosphere soil, root endosphere and nematode cysts in soil suppressiveness to cyst nematodes remain unanswered.
Soybean cyst nematode (SCN, Heterodera glycines) is a widely distributed and destructive cyst nematode pest that causes huge losses in soybean production (Ou et al. 2008) . Unlike free-living nematodes, H. glycines juveniles infect the roots of soybean, and the female nematode eventually becomes a cyst (Nour et al. 2003) , which is a propagule that can survive for a long time in soil. Many microbes, especially fungi have been demonstrated to be associated with soil suppression of cyst nematodes (Kerry 1982; Westphal and Becker 2001; Yin et al. 2003a) , but the knowledge about bacterial microbiota in suppressive soil is still limited. Therefore, revealing the structure and assembly of the bacterial communities in the rhizosphere soil, root endosphere and nematode cysts in suppressive soil should provide a better understanding of the potential bacterial microbiota in the rhizosphere, root and cyst associated with nematode suppressiveness. We hypothesized that soybean roots select microbes from bulk suppressive soil and some microbes colonizing roots (root endosphere) are subsequently transmitted into cysts. This means the functional microbiota involved in SCN suppressiveness might be screened from bulk soil by the niches of the rhizosphere soil to the root endosphere and cyst in turn. To test this hypothesis, we conducted a growth room pot experiment with soybean grown in suppressive soil without and with inoculation of H. glycines and used high-throughput sequencing of 16S rRNA gene amplicons to characterize the bacterial communities inhabiting the bulk soil, rhizosphere soil, root endosphere and SCN cysts. The aim of this study is to provide insights into the structure and assembly of the bacterial communities in suppressive soils and the core microbial consortia that may be involved in the protection of soybean against SCN infection.
MATERIALS AND METHODS

Soil collection and preparation
Suppressive soils from soybean monoculture crop systems were first identified and characterized because of their SCN suppression by Sun and Liu (2000) in northeastern China. In the current study, the soil used was collected from a field (N 47
• 37 E
122
• 47 ) with a long-term soybean monoculture history located in Baicheng (BC) County, Jilin Province, northeastern China, as previously described in Hamid et al. (2017) , which had been shown to be suppressive against Heterodera glycines. The soil samples were collected from the rows of soybean plants at a depth of 0-30 cm in a zigzag sampling pattern and from 20 random sites across the field. The soil samples were mixed thoroughly, sieved through 2 mm mesh to remove the plant debris and stones and then stored in a cool box and transported to the laboratory for further studies. The physical-chemical characteristics of the suppressive soil are described in the supplementary info of Hamid et al. (2017) . Briefly, the soil was characterized as loamy sand containing 22.7 g kg −1 organic matter, 173.6 g kg
nitrogen, 29.9 g kg −1 phosphorus, 20.9 g kg −1 potassium and had a pH of 7.58.
Nematode extraction and density determination
The SCN cysts from 500 g soil were extracted by washing the soil and passing it through an 850 μm aperture sieve onto a 250 μm aperture sieve, followed by sucrose floatation and centrifugation. The eggs were released from the cysts with a glass grinder, suspended in a 37% sucrose solution for centrifugation at 2500
× g for 5 min, and collected on a 25 μm aperture sieve. The initial eggs densities in the suppressive soil were counted in a 12-well tissue culture plate (Nest Biotechnology) under an inverted microscope (Olympus CK40).
Growth chamber bioassays
To determine the soil suppressive ability and the effect of the SCN challenge on microbiome composition, soybean (Glycine max cv. Sturdy) were grown under controlled greenhouse conditions in suppressive soil without (S) or with (S Hg ) an inoculation of H. glycines. For the experiment, the soybean cyst nematodes were initially allowed to multiply in the autoclaved soil in the presence of a susceptible soybean variety, 'Sturdy.' Cysts were extracted, and the egg suspension was prepared as described above. The eggs were treated with 0.1% sodium hypochlorite for 3 min and rinsed with sterilized water 3 times. The viability of SCN eggs was determined under an inverted microscope and egg hatching assay was conducted using 4 mM ZnCl 2 in 12-well tissue culture plates by placing SCN eggs on micro-sieves (100 eggs/sieve). The S Hg -condition was inoculated by SCN (1500 eggs/100 g of dry soil) by the gentle and thorough mixing of eggs with the suppressive soil. For each soil treatment, 450 g of dry soil was placed in PVC pots (9 cm diameter) with initial moisture contents of approximately 10% (v/w). The soybean seeds (2 seeds/pot) were sown, and pots were covered with polyethylene bags to retain moisture for seed germination. The unplanted pots for bulk soil were used as a control to differentiate plant effects from general edaphic factors. The germinated seedlings were thinned to a single seedling in each pot after one week. The conditions of the growth room were set at 23
with a 16 h light period, and plants were watered every 2 days after seed germination. For each treatment, six biological replicates, defined as individual pots, were processed. After 35 days, soybean plants were harvested and SCN females clearly visible on the root surface were counted. The SCN egg densities in cysts/100 g of dry soil were measured using the same method described above.
Sampling of 'bulk soil', 'rhizosphere soil', 'root endosphere' and 'SCN cyst' compartments and DNA extraction Bulk soil samples were collected from the center of an unplanted pot approximately 2.5-3 cm below the soil surface. The soil samples were placed in 15 mL Falcon tubes, frozen in liquid nitrogen and stored at −80 • C until DNA extraction. For the rhizosphere soil and root collection, the plant and soil were removed from each pot, and then the roots were separated from the soil. After the bulk soil was gently removed and the females and cysts formed on roots were carefully dislodged back into the respective soil, the roots were placed in 50 mL sterilized Falcon tubes containing 25 mL sterile Silwet L-77 amended PBS buffer (PBS-S; 130 mM NaCl, 7 mM Na 2 HPO 4 , 3 mM NaH 2 PO 4 , pH 7.0, 0.02% Silwet L-77) were washed on a shaking platform for 20 min at 180 rpm, and the rhizosphere soil was allowed to settle for 5 min. The roots were carefully removed and transferred to new 50 mL sterilized Falcon tubes, and the washing buffer was centrifuged at 10 000 × g for 20 min. The supernatant was discarded carefully, and the rhizosphere soil was collected, frozen in liquid nitrogen and stored at −80 • C until DNA extraction. The roots were subjected to a second washing for 20 min at 180 rpm and then transferred to another 50 mL sterilized Falcon tube containing 25 mL PBS-S buffer. The double washed roots were sonicated for five cycles consisting of 30 s pulses and breaks of 30 s at 160 W. The effectiveness of the sonication was confirmed by scanning electron micrographs of a subsample of soybean root before and after the sonication treatment (Fig. S1 , Supporitng Information DNA were also included in the PCR amplifications. The PCR products were then separated by agarose gel electrophoresis to purify the amplicons using a DNA Gel Extraction kit (Takara) and pooled in equimolar concentrations before sequencing. Finally, the paired-end sequencing of the bacterial amplicons was performed on the Illumina MiSeq sequencer at Allwegene Biotechnology Co., Ltd. (Beijing, China).
Bioinformatics analyses
Bacterial sequences were quality-trimmed using Trimmomatic v0.36 and assigned to soil samples based on barcodes by using QIIME. De novo and reference-based chimaera were checked, and sequences characterized as chimeric were removed. Bacterial reads were binned into OTUs at the ≥97% sequence similarity level using an open-reference OTU picking protocol in the UPARSE-pipeline (Edgar 2013) , and the most abundant sequences from each OTU were taken as representative sequences for the respective OTU. Finally, the taxonomic configuration of bacterial OTUs was performed using the Silva database (Quast et al. 2013) , and taxa were assigned to all OTUs using the RDP classifier (Cole et al. 2008) within QIIME. We used QIIME to calculate the alpha diversity, including the observed species and Shannon diversity index, on the OTU table rarefied at 24 558 counts per sample, because this was the lowest sequencing depth retrieved from a sample. Analysis of variance and Tukey's HSD test were used to evaluate the results and compare the mean values of the treatments. Treatments were considered significant when P < 0.05. Beta diversity calculations were performed on non-rarefied OTU counts. The BrayCurtis dissimilarity matrix for cluster analysis was calculated using the function 'vegdist' in the vegan R package on OTU relative abundances log 2 transformed. Bacterial OTUs with a relative abundance (RA) above 2 in at least one sample were included in the analysis. The relative abundances ( ) of the abundant phyla and families in the bulk soil, rhizosphere soil, root endosphere and SCN cyst were calculated based on the classified OTU reads and were subsequently plotted in R with the package ggplot2. Only OTUs with an RA above 1 in at least one sample were included in the analysis. Analysis of variance and Tukey's HSD test were used to evaluate the results and compare the mean values of the treatments. Enriched bacterial OTUs in the bulk soil, rhizosphere soil, root endosphere and cysts were identified and visualized in ternary plots using a script developed by Bulgarelli et al. (2015) , in which linear statistics were employed on RA values (log 2 , > 2 threshold) using the Limma R package. Differentially abundant OTUs between groups were calculated using a moderate t-test, and the obtained P-values were adjusted using the Benjamini-Hochberg correction method.
RESULTS
Heterodera glycines disease suppression
A long-term monoculture soil (BC-38yr) that was previously documented as suppressive against SCN (Hamid et al. 2017 ) was selected. The initial SCN egg density in the suppressive soil was 66 ± 9.2 eggs/100 g dry soil, harboring only a few healthy eggs. Soybean plants were grown under controlled growth room conditions in the suppressive soil without (S) and with (S Hg ) an SCN inoculation (1500 eggs/100 g dry soil). After 35 days of planting, there were 18 ± 2.3 SCN females observed on the soybean roots in the SCN-inoculated suppressive soil (S Hg ) and the egg density was 113 ± 9.9 eggs/100 g of dry soil in the present bioassay (N = 6), indicating that the suppressive soil maintained its suppressive ability against SCN. Soybean grown in non-inoculated suppressive soil remained healthy, and no white female of SCN was observed on the roots. The results suggest that SCN was thus able to infect the soybean roots by passing through the rhizosphere soil in the suppressive soil, but it caused little disease.
Bacterial analyses
Genomic DNA was extracted from the unplanted bulk soil, rhizosphere soil, root endosphere and SCN cysts. The sequencing of the V4 region of the 16S rRNA gene produced 1 943 045 high-quality reads with a median of 53 973 reads per sample (min = 35 316 and max = 85 861). The high-quality reads corresponded to a total of 5969 OTUs. The bacterial domain was extracted, and OTUs representing the mitochondria or chloroplast were discarded, resulting in 5748 OTUs. Finally, 1672 125 high-quality bacterial reads with an average of 46 448 reads per sample (min = 24 558 and max = 82 759) were retrieved. The bulk soil samples gave a total of 339 871 bacterial reads with an average of 56 645 reads per sample (min = 43 894 and max = 68 556). The rhizosphere soil dataset yielded a total of 724 632 bacterial reads, with an average of 60 386 reads per sample (min = 38 475 and max = 82 759). The root endosphere samples yielded a total of 383 395 bacterial reads, with an average of 31 949 reads per sample (min = 24 558 and max = 51 267). The SCN cyst samples yielded a total of 224 227 bacterial reads, with an average of 37 371 reads per sample (min = 33 651 and max = 41 868). The total number of sequences per sample provided enough data to maximize the depth for further analysis (Table S1 , Supporting Information).
Diversity and structure of the bacterial communities in the bulk soil, soybean rhizosphere soil, root endosphere and SCN cyst
The within-sample diversity (α-diversity) of the bacterial communities from the bulk soil, soybean rhizosphere soil, root endosphere and SCN cyst was estimated using the observed OTUs and Shannon's diversity index. The measurement of the observed species indicated a decreasing diversity gradient such that the mean α-diversity was highest in the bulk soil followed by those in the rhizosphere soil, root endosphere, and, finally, the SCN cyst. A significant decrease in the observed species was found in the rhizosphere soil of the soybean grown in soil inoculated with SCN, whereas no significant difference was observed for the root endosphere bacterial community in SCN-inoculated suppressive soil compared to that found in non-SCN inoculated suppressive soil ( Fig. 1A ; ANOVA and Tukey's HSD, P < 0.05). The Shannon's diversity index values of the bacterial microbiota were higher in the rhizosphere soil than those in the root endosphere of the soybean grown in suppressive soil that had not been inoculated with SCN. However, significant differences in diversity values were not observed for the rhizosphere soil and root endosphere in the SCN-inoculated suppressive soil. Moreover, the lowest mean Shannon's index values of the bacterial communities were observed for the rhizosphere soil and root endosphere in SCN-inoculated soil compared to non-inoculated suppressive soil (Fig. S2 , Supporting Information; ANOVA and Tukey's HSD, P < 0.05).
A cluster dendrogram based on Bray-Curtis dissimilarity revealed the differences among the bacterial communities in the bulk soil, rhizosphere soil, root endosphere and SCN cyst. A shift in the bacterial communities from the rhizosphere soil to the root endosphere was evident in the suppressive soil inoculated with H. glycines. Moreover, the bacterial community inhabiting the SCN cyst was clustered with that inhabiting the root endosphere, whereas the bulk soil and rhizosphere soil bacterial communities were closer to each other (Fig. 1B) . We observed notable differences and overlaps in the relative abundance of bacterial phyla across the microhabitats. The root endosphere (S-Ro) was dominated by a greater relative abundance of Proteobacteria than that in the rhizosphere soil (S-Rh) of soybean in non-inoculated SCN suppressive soil and bulk soil (S-BS). The relative abundances of Actinobacteria and Firmicutes were greater in the rhizosphere soil than in the root endosphere of soybean in the non SCN-inoculated suppressive soil and bulk soil. However, the relative abundance of Proteobacteria in the rhizosphere soil (S Hg -Rh) and the relative abundance of Firmicutes in the root endosphere (S Hg -Ro) were significantly increased in the suppressive soil inoculated with SCN compared to the non-inoculated suppressive soil. Actinobacteria was increased in the root, but the difference was not statistically significant ( Fig. 1C ; ANOVA and Tukey's HSD, P < 0.05). In this study, the SCN cysts, characterized as a unique microhabitat, was colonized by Proteobacteria, Actinobacteria, Bacteroidetes and Firmicutes, and Bacteroidetes was found to be more abundant in the cysts (S Hg -Cy) than in the root endosphere, rhizosphere soil and bulk soil (Fig. 1C) , substantiating that cysts also represent a highly selective bacterial niche. Nematode inoculation alters bacterial community structure of the rhizosphere soil and root endosphere in the suppressive soil
To understand how SCN affected the bacterial community structure, we characterized the bacterial OTUs significantly enriched in the rhizosphere soil, root endosphere and bulk soil. The results show that soybean was characterized by a specific set of soil-derived OTUs in the rhizosphere soil (60 blue circles in Fig. 2A ; Table S4 , Supporting Information) and root endosphere (45 green circles in Fig. 2A ; Table S4 , Supporting Information) of the non SCN-inoculated suppressive soil (S). Compared with the non-inoculated suppressive soil, the number of enriched OTUs in the rhizosphere soil was considerably decreased under SCN challenge (18 blue circles in Fig. 2B ; Table S5 , Supporting Information), while the number of enriched OTUs in the root endosphere was slightly increased in the suppressive soil (54 green circles in Fig. 2B ; Table S5 , Supporting Information). We then calculated the aggregated relative abundances (RAs) of specific enriched OTUs in the bulk soil, rhizosphere soil and root endosphere. The results revealed a decrease in aggregated RAs of the OTUs enriching the bulk soil in the bulk soil, rhizosphere soil and root endosphere of soybean grown in suppressive soil without (26.75%, 5.13% and 2.27% mean aggregated RA, respectively; brown box plots, Fig. 2C ) and with (34.70%, 6.77% and 2.23% mean aggregated RA, respectively; brown box plots, Fig. 2D ) inoculation of SCN, suggesting that the SCN infection of roots does not hinder the ability of soybean to attract detectable bulk soil bacterial microbiota in the rhizosphere soil and root endosphere and establish a characteristic bacterial community that is fully differentiated from that of the bulk soil. We observed a contrasting pattern for the OTUs enriching the rhizosphere soil in the bulk soil and root endosphere. The aggregated RAs of the OTUs enriching the rhizosphere soil were higher in the bulk soil than in the root endosphere in the non-inoculated suppressive soil (11.65% in bulk soil, 39.63% in rhizosphere soil, and 8.47% in root endosphere; blue box plots, Fig. 2C ), whereas in the SCN-inoculated suppressive soil, the RAs of OTUs enriching the rhizosphere soil were higher in the root endosphere than in the bulk soil (4.00% in bulk soil, 60.89% in rhizosphere soil, and 29.51% in root endosphere; blue box plots, Fig. 2D ). Conversely, an increasing pattern of aggregated RAs was observed for the root endosphere-enriched OTUs from the bulk soil, to rhizosphere soil, and to root endosphere (green box plots, Fig. 2C and D) . However, a steep increase in the RAs from the bulk soil, to rhizosphere soil, and to root endosphere were significantly higher in the non SCN-inoculated suppressive soil (5.67% in bulk soil, 14.08% in rhizosphere soil, and 65.24% in root endosphere; green box plots, Fig. 2C ) with respect to the SCN-inoculated suppressive soil (6.60% in bulk soil, 10.60% in rhizosphere soil, and 51.32% in root endosphere; green box plots, Fig. 2D ). These results indicate that the bacterial communities in soybean rhizosphere soil and root endosphere dramatically change in response to nematode challenge, resulting in the enrichment of a specific subset of OTUs in the suppressive soil.
Disease-induced assembling of bacterial taxa in the rhizosphere soil, root endosphere and cyst
We first identified the dominant bacterial families that were more abundant in the soybean rhizosphere soil and root endosphere bacterial communities under SCN challenge. An analysis at the family level indicated that the relative abundances of Rhizobiaceae and Pseudomonadaceae were significantly more increased in the rhizosphere soil of soybean in the SCNinoculated suppressive soil (S Hg -Rh) compared to S-Rh and S-BS (Fig. S3 , Supporting Information; ANOVA and Tukey's HSD, P < 0.05). In contrast, the relative abundances of Rhizobiaceae, Pseudomonadaceae, Xanthomonadaceae and Bradyrhizobiaceae were significantly increased in the root endosphere of soybean in the SCN-inoculated suppressive soil (S Hg -Ro) compared to S-Ro and S-BS (Fig. S3 , Supporting Information; ANOVA and Tukey's HSD, P < 0.05).
We then directly compared S-BS, S-Rh and S Hg -Rh to identify the bacterial OTUs that were significantly enriched under SCN challenge in the rhizosphere soil. The results revealed that soybean was characterized by a large number of rhizosphere soilenriched OTUs in the suppressive soil without the SCN inoculation compared to S Hg -Rh and S-BS (S-Rh; 72 blue circles in Fig. 3A and Table S6 ). However, only a small number of significantly enriched OTUs, belonging to Proteobacteria (OTU = 9), Firmicutes (OTU = 2), Bacteroidetes (OTU = 1) and Verrucomicrobia (OTU = 1) (S Hg -Rh; 13 green circles in Fig. 3A ; Table S6 , Supporting Information), were found in the suppressive soil with the additional SCN challenge compared to S-Rh and S-BS. Interestingly, a steep increase in the aggregated RAs of the OTUs enriching the rhizosphere soil from 0.83% in S-BS to 7.53% in S-Rh and 57.59% in S Hg -Rh was observed for soil inoculated with SCN (green box plots, Fig. 3B ). Subsequently, we examined the bacterial OTUs enriching the rhizosphere soil at the genus level and found that Pasteuria (OTU 58 and OTU 3161), Pseudomonas (OTU 10, OTU 33, OTU 2146 and OTU 3242), Rhizobium (OTU 2 and OTU 37), and other taxa were enriched in the soil inoculated with SCN (Fig. 3C) .
Consistent with the cluster analysis based on Bray-Curtis dissimilarity, the bulk soil had a higher number of significantly enriched OTUs than root endosphere (107 brown circles in Fig.  4A ; Table S7 , Supporting Information), compared to the rhizosphere soil (82 brown circles in Fig. 3A ; Table S6 , Supporting Information). The soybean root endosphere was characterized by a number of significantly enriched OTUs in the suppressive soil without the SCN inoculation (32 blue circles in Fig. 4A ; Table  S7 , Supporting Information). Notably, the soybean root endosphere was enriched by a higher number of bacterial OTUs in the suppressive soil inoculated with SCN (35 green circles in Fig. 4A and Table S7 ). These OTUs belonged to Proteobacteria (OTU = 20), Actinobacteria (OTU = 7), Firmicutes (OTU = 3), Planctomycetes (OTU = 4) and Bacteroidetes (OTU = 1). Following the same trajectory, an increase in the aggregated RAs of specific soil-derived enriched OTUs from 2.65% in S-BS to 13.52% in S-Ro and 44.97% in S Hg -Ro was observed for the suppressive soil with SCN inoculation (green box plots, Fig. 4B ). The OTU assignments at the genus rank revealed that bacterial genera Pasteuria (OTU 58 and OTU 3161), Pseudomonas (OTU 10, OTU 33 and OTU 2146), Rhizobium (OTU 2 and OTU 37), Streptomyces (OTU 661), Bosea (OTU 8), Pseudoxanthomonas (OTU 16), and other taxa were enriched in the root endosphere of soybean grown in the soil inoculated with SCN (Fig. 4C) . Remarkably, there were overlaps in the enriched OTUs of the rhizosphere soil and root endosphere under additional SCN challenge, as most of the OTUs enriched in S Hg -Rh were also enriched in S HgRo (OTU 2, OTU 4, OTU 10, OTU 20, OTU 33, OTU 37, OTU 58, OTU 113, OTU 2146, OTU 3161 and OTU 3586). A genus level assessment of the enriched taxa in the rhizosphere soil and root endosphere during additional SCN challenge with specific focus on functions of genera is shown in Table S3 (Supporting Information). Taken together, these results illustrate the potential of soybean hosts in the selection and enrichment of specific soil-derived OTUs in response to nematode challenge, establishing fully differentiated bacterial communities in the rhizosphere soil and root endosphere.
In this study, the SCN cyst represents an extremely unique and selective environmental niche derived from soybean roots. Due to fact that the bacterial community structure of the cyst was different from that of the rhizosphere soil and root endosphere of soybean grown without and with inoculation of H. glycines (Fig. 1B) , we performed an OTU enrichment analysis using the combined samples from the rhizosphere soil and root endosphere. The results revealed that a specific set of bacterial OTUs were significantly enriched in the cysts compared to those in the root endosphere, rhizosphere soil and bulk soil ( Fig. 5A-C ; Tables S8-S10, Supporting Information). These OTUs mostly belonged to Proteobacteria, Actinobacteria, Bacteroidetes, Planctomycetes, Verrucomicrobia, Armatimonadetes, Chlamydiae and Firmicutes (Fig 6A-C) . The aggregated RAs of the OTUs enriching the cysts showed a decreasing contribution from 74.85% in the cysts, to 5.51% in the bulk soil and 4.94% in the rhizosphere soil (brown box plots, Fig. 5D ). Importantly, the bacterial community inhabiting the SCN cyst was closer to that of the root endosphere than that of the rhizosphere soil and bulk soil. We found that the aggregate RAs of the OTUs enriching the cysts were higher in the root endosphere than those in the bulk soil, with values ranging from 62.75% in the cysts, to 7.96% in the root endosphere and 3.91% in the bulk soil (brown box plots, Fig. 5E ). Similarly, the aggregate RAs of the OTUs enriching the cysts were also higher in the root endosphere than in the rhizosphere soil, ranging from 61.78% in the cysts, to 7.24% in the root endosphere and 1.79% in the rhizosphere soil (brown box plots, Fig. 5F ). These patterns demonstrated by the OTUs enriching the SCN cysts were reproducible when the same analysis was performed for the rhizosphere soil and root endosphere of soybean grown in suppressive soil without and with the inoculation of H. glycines independently (brown box plots, Fig. S4-S9 , Supporting Information). These data indicate that the SCN cyst represents a highly selective bacterial niche where specific microbes are allowed to accumulate and proliferate. Moreover, these findings suggest a consecutive selection of bacterial microbiota enriching the root endosphere in the SCN cyst because most of the cyst-enriching OTUs were more abundant in the root endosphere than in the rhizosphere soil. If there was a parallel selection, then most of the bacterial OTUs enriching the SCN cyst would be similarly abundant in the root endosphere and rhizosphere soil.
We then examined the OTUs enriching the SCN cysts at the genus level and found that SCN cysts harbor specific enriched bacterial taxa compared to the root endosphere, rhizosphere soil and bulk soil, with higher relative abundances of Chitinophaga (OTU 11, OTU 19, OTU 34, OTU 2230) , Yersinia (OTU 9), Pseudoxanthomonas (OTU 16), Niastella (OTU 27, OTU 55), Lentzea (OTU 32) and other taxa (Fig. 6A-C) . Remarkably, we found that the majority of the enriched bacterial OTUs in the rhizosphere soil and root endosphere of soybean grown in suppressive soil inoculated with H. glycines were also more abundant in the cyst than the bulk soil (Table S2 , Supporting Information), suggesting that cyst are efficiently colonized by bacterial microbiota responsive to SCN in suppressive soil.
DISCUSSION
Soybean cyst nematodes are among the most economically important and damaging plant pests of soybean (Ou et al. 2008 ). In our previous study, we found that the successive monoculture cropping of soybean in soil conducive to SCN leads to the development of suppressive soils, likely due to the microbial enrichment of the rhizosphere soil (Hamid et al. 2017) . However, uncovering the perceptible microbiome shifts within the suppressive soil system may provide a better understanding of the potential microbiota associated with nematode suppressiveness and plant fitness. Here, we revealed the detailed structure and assembly of the bacterial communities of the soybean rhizosphere soil and root endosphere and the SCN cyst in the H. glycines-suppressive soil. A bioassay of SCN suppressiveness under controlled greenhouse conditions showed that the suppressive soil maintained its suppressive ability against additional SCN challenge, and a slight increase in SCN egg densities was observed compared to the initial egg densities, while plants growing in the non-inoculated soil remained healthy, and no white SCN females were observed on the roots. This suggests that the disease suppression initiates in the presence of soybean crops under suppressive conditions. Importantly, the specific suppressiveness of a soil has a memory of the previously encountered pathogen (Raaijmakers and Mazzola 2016) and has been related to the antagonistic activity of microbiota at the proximity of the roots (Olatinwo et al. 2006; Mendes et al. 2011; Cha et al. 2016) . The evolution of disease-suppressive soil against specific pathogens is attributed to shifts in the rootassociated microbial communities and the enrichment of microbial consortia that interfere with the pathogen infection cycle (Duijff et al. 1999; Mazzola 2007; Mendes et al. 2011; Klein et al. 2013; Cha et al. 2016) . Moreover, bacterial community composition and diversity have been shown to be associated with disease suppression (Hallmann, Rodrıguez-Kábana and Kloepper 1999; Yin et al. 2003b; Mendes et al. 2011; Cha et al. 2016; Hamid et al. 2017; Mwaheb et al. 2017) .
In this study, we found that a fully differentiated bacterial community was assembled in the rhizosphere soil, root endosphere and SCN cyst compared to that in the bulk soil in SCN suppressive soil. This separation of bacterial communities is comparable to the spatial bacterial diversity gradient from the bulk soil to the rhizosphere soil to the root endosphere and finally to the SCN cyst. The enrichment of the rhizosphere soil and root endosphere by specific soil-derived OTUs suggests that soybean can actively select a specific set of bacterial microbiota or that these enriched specific microbiota are able to better colonize the soybean root niche in suppressive soil. Consistent with studies in Arabidopsis and rice (Bulgarelli et al. 2012; Schlaeppi et al. 2014; Edwards et al. 2015) , the Proteobacteria with respect to bulk soil and root endosphere (N = 6), and (C) with respect to rhizosphere soil and root endosphere (N = 6). OTUs marked bold were regularly detected from SCN cyst compared to bulk soil, rhizosphere soil and root endosphere.
phylum was more abundant in the root endosphere than in the rhizosphere soil and bulk soil, and the relative abundances of Acidobacteria and Gemmatimonadetes decreased from the bulk soil to the root endosphere in suppressive soil without the inoculation of H. glycines, indicating that the distribution of bacterial phyla in the root endosphere might be similar for land plants. With additional nematode challenge, we found a decrease in the diversity of the rhizosphere soil and root endosphere bacterial communities. This could be due to the homogenization caused by the J2 and the piercing in the root during plant infection. Moreover, this is in line with previous results highlighting the disruption of the bacterial rhizosphere soil microbiome during bacterial and fungal pathogen attacks (Chapelle et al. 2016; Wei et al. 2018) and suggests that nematode pathogens also significantly affect the bacterial communities inhabiting the rhizosphere soil and root endosphere, leading to the predicted bacterial community functioning. It was postulated that, in suppressive soil against Rhizoctonia solani, the fungal attack induces stress directly or indirectly via the rhizosphere soil bacterial community of the plant, which leads to changes in the microbiome composition and the activation of antagonistic traits that ultimately restrict the fungal infection of plant roots (Chapelle et al. 2016) . Nematodes are known to influence the quality and quantity of root exudates, which may affect the physiology of rhizosphere microorganisms and subsequently affect nematode parasitism and antagonistic microbial populations (Kerry 2000) . Indeed, the assembly of the bacterial community was affected in the rhizosphere soil and root endosphere of soybean grown in SCN-inoculated suppressive soil. The relative abundances of Proteobacteria in the rhizosphere soil and Firmicutes in the root endosphere were significantly increased under nematode challenge. Specifically, we found a core set of potential microbial consortia, such as Pasteuria, Pseudomonas, Rhizobium and other taxa, that were enriched in the rhizocompartments under SCN challenge. These changes in the relative abundance of specific bacterial taxa could have affected the nematodes in the rhizosphere soil and root endosphere. For example, a significant increase in the composition of the dominant phylum, Proteobacteria, particularly the bacteria Pseudomonas from the Pseudomonadaceae family that is known for antagonistic activity against plant-parasitic nematodes (Tian, Yang and Zhang 2007) , could inhibit nematode infection and induce juvenile mortality (Aalten et al. 1998; Siddiqui, Haas and Heeb 2005) .
We also observed a clear increase in the composition of the Firmicutes phylum, mainly Pasteuria, an obligate endoparasitic bacterium of nematodes from the family Pasteuriaceae. The initial relative abundances of Pasteuria OTUs (OTU 58 and OTU 3161 belonging to Pasteuria nishizawae) were lower in the bulk soil but gradually enriched the rhizosphere soil to the root endosphere under nematode challenge and were more abundant in the cyst than in the bulk soil. The bacterial endoparasite infects J2 by cuticle adhesion and destroys the developing females. Pasteuria would thus have created a 'bacterial belt' that infect and parasitize J2 as they make their way to the root for infection. Pasteuria nishizawae has been reported to be very effective in reducing H. glycines populations (Noel, Atibalentja and Bauer 2010) .
Moreover, the genus Rhizobium from Rhizobiaceae was significantly increased in the rhizosphere soil and root endosphere of soybean grown in SCN-inoculated suppressive soil; this genus has been shown to be associated with the suppression of H. schachtii in suppressive soil (Yin et al. 2003b) . Interestingly, we observed a significant reduction in the abundance of Actinobacteria, which is known for species producing antibiotics, in the rhizosphere soil under additional SCN challenge, but its abundance was slightly increased in the root endosphere, along with OTU belonging to Streptomyces (OTU 661; Streptomyces scabrisporus). Streptomyces strains have been documented to produce nematocidal compounds (Zeng et al. 2013 ) and some strains have been shown to exhibit antagonistic and disease suppressive activity (Postma et al. 2008; Kinkel, Bakker and Schlatter 2011; Cha et al. 2016) .
SCNs as sedentary nematodes develop specialized dormant structures, cysts that contain hundreds of eggs that can be sustained for long periods in the soil to serve as an inoculum for the next season's crop. As entities in the soil, cysts and eggs are colonized by a number of microbes that have been extensively surveyed (Westphal and Becker 2001; Nour et al. 2003; Olatinwo et al. 2006) . We found that although the bacterial community inhabiting the H. glycines cysts was distinctive, it was closer to the root endosphere community than the rhizosphere soil and bulk soil communities. One possible explanation for this could be that cysts are primarily root derived, as mature, feeding female engorged with eggs encyst, die and drop from the soybean root into the surrounding soil (Nour et al. 2003) . By using an OTU enrichment analysis of the SCN cyst, root endosphere, rhizosphere soil and bulk soil, we observed that a specific set of soil-derived OTUs was significantly enriched in cysts compared to the root endosphere, rhizosphere soil and bulk soil, indicating that the cyst is a highly selective and specialized niche for a broad range of bacterial taxa. Additionally, the majority of the OTUs enriching the cyst were more abundant in the root endosphere than in the rhizosphere soil, suggesting that the cyst bacterial community was initially established by the consecutive/sequential selection of bacterial taxa from the root endosphere. Classically, soil suppressiveness could be transferred by adding a small amount of suppressive soil to conducive soil (Mendes et al. 2011; Cha et al. 2016 ), but the Heterodera schachtii cysts infested with microbes from the suppressive soil were also able to transfer suppressiveness to H. schachtii-infested conducive soil (Westphal and Becker 2001) . Our results show that the majority of enriched bacterial OTUs in the rhizosphere soil and root endosphere of soybean grown in suppressive soil under additional SCN challenge were also abundant in the SCN cyst compared to in the bulk soil, which indicates that cysts are able to serve as an inoculum source for nematode disease suppressiveness. Future studies analyzing microbiota of white females, newly formed cysts and bulk soil cysts could provide useful insights for understanding microbe-microbe interactions in soil.
In conclusion, we show that the SCN cysts, soybean rhizosphere soil and root endosphere harbor distinctive bacterial communities in suppressive soil. Although the cyst represents a highly unique bacterial niche, the bacterial community is initially established by the consecutive selection of bacterial taxa from the root endosphere. Moreover, SCN infection of soybean roots in suppressive soil is associated with a decrease in bacterial diversity and an enrichment of specific soil-derived bacterial taxa in the rhizosphere soil and root endosphere. Many enriched taxa with biocontrol properties in the rhizosphere soil and root endosphere were also detected in H. glycines cysts, suggesting that the SCN cysts harbor microbes that could inhibit the development of the nematode population. Hence, a multitrophic system may be proposed in which suppression is elicited by soybean growth, allowing a subset of microbial groups in the rhizosphere soil and root endosphere to multiply on the nematode population and during cyst formation. Further research is needed to understand the functional attributes of the H. glycinessuppressive soil microbiota and to decipher key taxa playing important roles in specific disease suppression.
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